The optimization of a nanofluid-cooled rectangular microchannel heat sink is reported. Two nanofluids with volume fraction of 1%, 3%, 5%, 7%, and 9% are employed 0.633, 0.638, 0.704, 0.757, 0.675, 0.724, 0.755, and 0.798 
Introduction
Since the landmark experiments by Tuckerman and Pease [1] , microchannel heat sink (MCHS) has been established as an effective heat removal system in electronic chip packaging. The cooling system consists of parallel microchannels positioned atop the chip with a covering adiabatic plate to confine the coolant within. The fluid removes the heat as it flows through the channels. However, the rapid increase in the power density in inverse proportion to the size of the modern electronic chips has escalated intensive and extensive research into the cooling sys-tems of the MCHS. Areas investigated include the geometry, coolants, flow regimes, and materials [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
The structural materials have so far reached its saturation stage with no new materials introduced that can replace the standard silicon and copper that cover the base silicon chip material. Coolants used in the past had been generally air and water due to their availability, working in any flow conditions, laminar and turbulent. Air has limited heat transfer capabilities while water requires a higher pumping power as well as posing a potential risk to the system damage at the slightest leakage. Ammonia has lately been proven to be good environmentally friendly coolant in the refrigeration and MCHS systems [15, 16] . With recent development in the nanotechnology, nanofluids have been introduced as an alternative coolant. The nanofluid generally consists of a base fluid such as water, oil and glycol to name a few, with the dispersion of nanosized particles made of metals, oxides, nitrides, or nanotubes. The inclusion of these nanoparticles changes the properties of the base fluid depending on the concentration of the particles [17] . Due to the increased in thermal conductivities of these nanofluids with the presence of the additional particles, heat transfer enhancements have been reported [18] [19] [20] [21] .
Lee and Mudawar [21] experimentally determined the effectiveness of alumina water based nanofluid in a MCHS. They found that the use of nanoparticles has significantly improved the overall performance when it was used in single phase flow compared to two-phase flow. Based on their observations, they discussed the suitability of using nanofluids as future coolants for microchannel heat sinks. Chein and Huang [22] in their analytical study with different volume fractions and channel configurations found that the overall performance of their rectangular microchannel system had significantly improved with a CuO-H 2 O cooled rectangular MCHS. Numerical simulation by Mohammed et al. [23] on Al 2 O 3 -H 2 O with various particle volume fractions (1-5%) of nanofluid indicated that the lowest thermal resistance for a rectangular MCHS was obtained for a volume fraction of 5%. They used a hybrid scheme finite-volume-method to model the performance of the laminar flow nanofluid coolant. Meanwhile, Li and Kleinstreuer [24] modeled their CuO-H 2 O cooled trapezoidal microchannel heat sink using the entropy generation minimization method (EGM) for two particle volume fractions (1% and 4%) in the laminar flow region. They discovered that there exists an optimum Reynolds number range where the performance of MCHS is optimized. Escher et al. [25] developed a new Nusselt number correlation experimentally based on the different volume fractions of aqueous SiO 2 -H 2 O nanofluid (5%, 16%, and 31%) used in a rectangular MCHS. They stated that a better performance could be achieved with the increase in the specific heat capacity compared to the increased in thermal conductivity. In addition, they stated that based on the recorded data, the conventional Nusselt number correlation can be used to determine the heat transfer coefficient of nanofluid systems. In a recent publication, Ijam and Saidur [26] theoretically studied the overall performance of a rectangular minichannel heat sink cooled by SiC-H 2 O and TiO 2 -H 2 O under a turbulent flow condition. Volume fractions of 0.8%, 1.6%, 2.4%, 3.2%, and 4% were used to determine the thermo-physical properties of the nanofluids. The overall results showed that for the 4% volume fraction, TiO 2 -H 2 O outperformed SiC-H 2 O for a slightly higher pumping power demand. In general, the studies discussed in previous paragraphs presented parametric studies and performance examination of different nanofluids used as coolants which involves only flow conditions and volume fractions. Geometrical optimized dimensions and materials effect were not considered. They studied the effects of the nanoparticles volume fractions on the overall performance of their associated systems. This study reports the optimization of a rectangular microchannel heat sink using SiC-H 2 O and TiO 2 -H 2 O nanofluids. Using the optimization scheme developed by Ahmed et al. [15] which is comprised of a thermal resistance and pressure drop analysis models, and the non-dominated sorting genetic algorithm (NSGA-II) as an optimization algorithm, the overall performance is optimized under different particles volume fractions. The effects of the channel aspect ratio, the channel wall to channel width ratio and the use of different structural materials on the thermal resistance and the pumping power are presented too.
Theory
The rectangular microchannel heat considered for the current analysis is depicted in fig. 1 .
Two different nanofluids namely SiC-H 2 O and TiO 2 -H 2 O [26] with volume fraction of 1%, 3%, 5%, 7%, and 9% are employed with their thermo-physical properties calculated based on the equations [27] [28] [29] [30] :
The thermo-physical properties at 35°C of the base fluid (water) and the nanoparticles used in the current study are taken from Lienhard et al. [31] and listed in tab. 1. The spherical particles are assumed for the nanoparticles with n = 3. In the current analysis, the dimensions and the operating conditions employed by Tuckerman and Pease [1] are utilized and tabulated in tab. 2. To facilitate the analysis the following assumptions are made: -the flow was considered to be laminar steady flow, -the coolant was an incompressible fluid, -the interior walls of the channel were smooth, and -the thermo-physical properties were assumed to be constant. In the current analysis, the thermal performance of the system is evaluated optimized using the thermal resistance equation given in [15] :
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The hydrodynamic performance is assessed and optimized using the pressure drop/pumping power equation [15] :
Equations (5), (6), and (7) contained two design variable namely, the channel aspect ratio (a = H c /w c ) and the wall width to channel width ratio (b = w w /w c ) which are directly related to the rectangular microchannel geometry and will be used in the optimization process.
The average convective heat transfer coefficient appears in eq. (5) is evaluated using the following correlation proposed by Kim and Kim [32] for pure water flowing inside a rectangular microchannel:
The friction factor used in the calculation of the total pressure drop and consequently the pumping power is evaluated using the correlation formulated by Copeland [33] which considers the developing and the fully developed flow conditions and it has the form: 
Optimization procedure
In the current study, the system is treated as a multi-objective functions system with two objective functions related to its thermal and hydrodynamic performances. The first objective function is the total thermal resistance, eq. (5), while the second is the pumping power, eq. (7). The NSGA-II is invoked to optimize (minimize) both objective functions simultaneously.
The design variables (a and b) limits are listed in tab. 3. The same optimization procedure employed in [15] is followed and modified in order to generate a Pareto optimal front with obvious trade-off between both objective functions. The modification was in terms of the employed cross-over function in which the arithmetic function was used instead of the scattered function used in [15] . In addition, the uniform function was used as a mutation function. These modifications significantly enhanced the generated Pareto optimal front in which denser front in terms of the number of the optimal solutions compared to the one generated in [15] is observed. Lastly, the complete optimization procedure employed in the current study is illustrated in fig. 2 .
Results and discussion

Effect of the particle volume fraction (f)
The effect of the particle volume fraction on the thermal resistance and pumping power is studied for volume fractions of 1%, 3%, 5%, 7%, and 9% for both nanofluids, the SiC-H 2 O and TiO 2 -H 2 O. Table 4 lists the nanofluids thermo-physical properties used in the current study. Figure  3 shows the effect of the particle volume fraction on the total thermal resistance. It can clearly be seen that the thermal resistance is decreasing with the increase in the volume fraction. A previous study [26] showed that the increased nanoparticles volume fraction increased the thermal conductivity of the coolant. The increase in the thermal conductivity actually increases the convective heat transfer coefficient which in turn reduces the convective thermal resistance and consequently the total thermal resistance. The lowest thermal resistance is achieved with the volume fraction of 9%. Hence, this volume fraction is used to conduct a parametric study in the next section. Figure 4 depicts the effect of the nanoparticles volume fraction on the pumping power. The pumping power is increasing with the increase in the volume fraction. The increase in the volume fraction increases the density (tab. 4) which increases the total pressure drop of the system which ultimately increases the required pumping power to drive the coolant.
Effect of the geometric parameters (design variables)
The effects of the channel aspect ratio (a) on the thermal resistance and pumping power for volume fraction of 9% are illustrated in figs. 5 and 6. It can be seen that with the increase in the channel aspect ratio, the thermal resistance is decreasing while the pumping power is increasing. The increase in the aspect ratio can be attributed to a single reason which is the decrease in the channel width because the channel height is kept constant through the entire optimization process. The decrease in the channel width enhances the convective heat transfer coefficient [1] which reduces the convective thermal resistance. Knowing that the convective thermal resistance is the dominant term in the total thermal resistance therefore, its decrease reduces the total thermal resistance and this behavior explains what is illustrated in fig. 5 . As for the pumping power, it is an established fact that the narrow channels require more pumping power to circulate the coolant. This confirms the behavior noticed in fig. 6 that shows an increase in the pumping power for the increase in the channel aspect ratio. The relation observed between the channel aspect ratio and the pumping power is compatible with the fact that the lowest thermal resistance is always accompanied with the highest pumping power. Figures 7 and 8 demonstrate the effects of the wall width to channel width ratio (b) on the thermal resistance and the pumping power. Similar behavior to the channel aspect ratio is observed in which the increase in the wall width to the channel width ratio leads to a decrease in the thermal resistance and an increase in the pumping power. Based on the definition of b, for a particular wall width, the increment is attributed to the decrease in the channel width. This behavior confirms the behavior noticed when the effect of the channel aspect ratio is studied in which the decrease in the thermal resistance and the increase in the pumping power were attributed to the decrease in the channel width. In general, it can be inferred that the system performance is more sensitive to a than b. The effect of a on the thermal resistance and pumping power was evenly distributed along the entire range of the a limits (tab. 3) while it was only sparsely distributed for the small range of b values allowed in tab. 3.
Effect of the structural material
The effect of using different structural materials on the overall performance of the system is depicted in figs. 9 and 10. Three materials namely, silicon, aluminum, and copper were used and their thermal conductivity values are 148, 238, and 400 W/mK], respectively. No significant difference in the thermal resistance is observed between the two nanofluids investigated with the various structural materials. When SiC-H 2 O was used, the lowest achievable thermal resistances were 0.0705, 0.066, and 0.063 K/W for silicon, aluminum, and copper, respectively. The thermal resistance values were 0.069, 0.065, and 0.062 K/W for silicon, aluminum, and copper when TiO 2 -H 2 O was used as a coolant. In both cases, however, copper was superior to aluminum and silicon. Table 5 summarizes the optimized results for the three different materials. The overall performance noticed in figs. 9 and 10 encourages the use of higher thermal conductivity materials to fabricate the microchannel heat sink. The use of higher thermal conductivity material reduces the thermal resistance significantly from two aspects. The first aspect is that higher thermal conductive material reduces the conductive thermal resistance through the substrate. The second aspect is that the higher thermal conductivity material enhances the wall efficiency to transfer the heat into the coolant i. e. reduces the convective thermal resistance. In general, if better performance is desired regardless of the resulting component weight, then, higher thermal conductive materials should be utilized.
Conclusions
In the current study, the performance optimization of a microchannel heat sink is conducted using two nanofluids. Several conclusions were made. · The thermal resistance and the pumping power were significantly affected by the variation in the nanoparticles volume fraction. With the increase in the volume fraction, the thermal resistance is decreasing while the pumping power is increasing. · For the same operating conditions employed by Tuckerman and Pease [1] Although, the gain is under 2%, this advantage is appreciable considering that this is for only a 1 cm´1 cm heat sink. · The performance of the system was more responsive with the variation in the channel aspect ratio than the wall width to channel width ratio. This requires precise fabrication process of the microchannel heat sink. · Higher thermal conductive materials are recommended for the microchannel heat sink which uses nanofluids as coolants. Aluminum can be used because it provides a balance between the high heat removal capabilities and the preferred light weight desired in microchannel systems. 
